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Feed Optimization For the Slotted Line Antenna For
High-Density Plasma Production

A. GANGULI, R. BASKARAN, AND H.D. PANDEY

Abstract—Investigations on the optimization of feed structures for
exciting the slotted line antenna for high-density plasma production
are presented. Each feed structure used (except the direct feed) excites
a preferred component of the wave electric/magnetic field. It is seen
that the efficacy of plasma production using the different feeds depends
directly on the relative importance of the field components (which the
feeds excite) for the slow wave mode of the antenna. The optimal feed
is shown to be a dipole antenna, oriented so as to excite the radial
component of the electric field within the slotted line structure. The
plasma characterization results as a function of the input microwave
power and the magnetic field in the antenna region are also presented
and discussed. The ability of the antenna to maintain high-density plas-
mas well away from electron-cyclotron resonance is demonstrated.

I. INTRODUCTION

IN PLASMA PHYSICS, slow wave structures have been
used primarily for high-density plasma production and

plasma heating. One such structure, introduced by Lisi-
tano, is the slotted helix (Lisitano coil). This structure has
been used both for high-density plasma production [1]-
[5] as well as for the coupling of different waves to a
plasma [6]-[9]; in addition, the slow wave mode (SWM)
(SWM: Vph < c; Vph: phase velocity of the wave; c: speed
of the light in vacuo) of this structure has also been stud-
ied in considerable detail [10]-[16].

Another structure proposed by Lisitano is a circular
version of the interdigital tape line [17], called the slotted
line antenna (SLA). The initial experiments [18], [19]
used a low CW power microwave and helped establish the
broadband operating nature and the wave slowing capa-
bility of the SLA. In some recent experiments [20], [21]
using a high-power pulsed microwave it has been shown
that in addition to high-density plasma production, the
SLA also has considerable potential for plasma heating as
well.

An important problem which arises in the use of slow
wave structures is the efficient excitation of the SWM of
the antenna. Since the antenna is placed inside a con-
ducting guide, it turns out that most slow wave structures
can support fast waves ( Vph > c), in addition to the usual
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SWM [ 13]—[ 15]. It therefore becomes important to iden-
tify the field configurations of the SWM and excite this
mode in isolation (i.e., with little or no power being cou-
pled to the fast wave modes).

In a study recently undertaken [22], the slow wave ra-
diation fields of the SLA were computed in vacuum, in-
side the antenna region. The computations show that the
radial component of the wave electric field (Er) is easily
the dominant component for all antenna sizes. The other
important components are the azimuthal component of the
electric field (Eg) and the axial component of the mag-
netic field (//-)• It may be noted that these vacuum fields
will be altered significantly in the presence of high-den-
sity overdense plasmas; nonetheless, these field configu-
rations retain considerable importance as regards plasma
production, since prior to any plasma formation only vac-
uum conditions prevail. Thus the initial coupling to the
vacuum slow wave fields of the antenna determines to a
great extent the final plasma densities attained.

In general, an antenna like the SLA can be excited in a
number of ways, and it can be expected that the plasma
parameters and profiles obtained will depend crucially on
the method of excitation being used. Hence the plasma
production process can be optimized by exciting one by
one the different dominant field components of the slow
wave mode of the SLA, mentioned above. It may be noted
that in the experiments undertaken with the SLA up till
now [18]-[21], the antenna was excited/energized from
its broadside by inserting the central pin of the coaxial
feed line into a slot of the SLA. The results show that the
efficiency of the SLA with such a feed is fairly satisfac-
tory, and this can be attributed to the fact that this feed
excites Er preferentially, which also happens to be the
dominant field component of the SWM of the SLA. It
turns out, however, that a broadside feed may not always
be the most convenient method for exciting the SWM of
the SLA. In addition, since the slot width for most of the
SLA is quite small, the diameter of the central pin which
penetrates the slot is also very small. Hence such an ex-
citation can be used either for pulsed microwave power
(as in the recent experiments [20], [21]) or low CW power
at most (as in the earlier experiments [18], [19]). For high
CW power the thin exciting probes are grossly inadequate
and can be easily damaged. It was with an aim to solve
this excitation problem conclusively, in relation to the
slow wave fields of the SLA mentioned above, that the
present study was undertaken.
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Fig. 1. A schematic of the experimental system. The movable wire mesh can be used for shielding any probe from the high
power microwaves (see Section II-B).

In what follows, the results of plasma production using
different feed structures have been presented. For the sake
of completeness some of the characterization results as a
function of the microwave power and magnetic field are
also given.

II. PLASMA PRODUCTION RESULTS

The arrangement of the entire experimental system is
shown in Fig. 1. The plasma chamber is a stainless steel
cylindrical waveguide (diameter = 15 cm) with several
ports for diagnostics. The SLA (see Fig. 3(a)) is fitted at
one end of this chamber, and evacuation takes place from
the other end. CW microwave power (50 to 750 W) at
2.45 GHz (= Wrf/2ir) is fed from the microwave gen-
erator to the SLA by a high-power microwave transmis-
sion line [23], [24]. A special feature of this line is its
wide-range impedance-matching capability for matching
the impedance of any arbitrary load; such a facility is
needed in the present experiments, since the load condi-
tions can change considerably as the feed structures, the
SLA sizes, and the plasma conditions are varied. The line
terminates in a high-power coaxial line inside the plasma
chamber, since a coaxial feed is found to be most suitable
for the excitation of the slow wave structures.

The system is magnetized axially by two different sets
of coils that are called the source and axial electromagnets
(Fig. 1). The currents in these two sets of coils can be
varied independently. The magnetic-field profiles ob-
tained for different source-coil currents (7V) and a fixed
axial-coil current ( ~ 250 A) are shown in Fig. 2. It is
seen that the profiles form a double mirror with one of its
throats at the SLA (the relative position shown in Fig. 2).
The mirror becomes symmetric for Is = 10 A, with a cor-
responding mirror ratio of 3.6: 1. For this current com-
bination the peak magnetic field at the mirror throats is
= 876 G, for which the electron-cyclotron resonance
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Fig. 2. The axial magnetic field profiles. The electron-cyclotron frequency
(W,.r/2ir) corresponding to a microwave frequency (wr//2ir) of 2.45
GHz occurs at 876 G; this is also the peak field obtained at the throats
of the symmetric mirror (ratio = 3.6) with /, = 10 A. All radial data
were taken at the center of the first mirror.

(ECR) frequency ( = Wce/2ir) equals 2.45 GHz, the fre-
quency of the microwave source.

The diagnostics used were Langmuir probes (radial and
axial), a radial emissive probe, and an electron energy
analyzer. All plasma densities have been computed using
Lam's method [25]. Its use is justified in most cases, bar-
ring a few instances where the plasma densities are low
(~ 1010 cm"3) , since for such cases, rp/XD ~
2(rp:probe radius; \D = Debye length). All radial mea-
surements were carried out at the center of the first mirror
(between the source coils and first axial coil).
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Fig. 3. Schematic of the different feeds used for exciting the SLA. The dipole feed excites £,., the loop feed, H-, and the axial
feed, E-.

The experiments were conducted in argon (operating
pressure ~ 10~4 torr; base pressure ~ 2 x 10~6 torr).
During the course of the experiments care was taken to
ensure that the reflected power remained small ( ~ a few
percent of the input power) throughout.

A. Excitation of the SLA

A detailed theoretical analysis of the SLA in free space
is given in [22]. Here we shall summarize only the im-
portant ideas and results. For an SLA with narrow slots,
only an electric field oriented perpendicular to the length
of the slots (in the plane of the slots) can be supported
within the slots, and the wave associated with this field is
guided by the slots up and down the length of the antenna
several times before it is allowed to cover any appreciable
distance in the azimuthal direction. Thus for the SLA it
can be seen that the slowing down of the wave takes place
along the azimuthal direction. In order to fix the distri-
bution of this slot electric field along the length of the
slots, it may be noted that one end of one of the slots
terminates within the metal tube of the antenna itself. This
end, therefore, acts like a short circuit for the gap electric
field, and the incident wave associated with the slot field
will be reflected back from this end. This gives rise to the
formation of standing waves of the slot field all along the
length of the slots, with the field amplitude vanishing at
the short-circuited end. The actual computation of the
SLA radiation fields is carried out by replacing this slot
field by a fictitious magnetic surface current (having the
same distribution as the slot field) flowing along the slots.

As noted earlier, the computations show that the Er is
easily the dominant field component for all antenna sizes;
the other components in order of importance are Ee and

TABLE I
SLOTTED LINE ANTENNA DIMENSIONS

SI.
No.

1

2.

3.

7

9

L2

Antenna

Inner

.0 cm

. 1 cm

. 6 cm

diameter

Outer

7.6 cm

9.7 em

13.2 cm

Number of

azimuthal

13

14

18

slots

axial

14

15

19

Slot
width

0.4 cm

0.5 cm

0.5 cm

Strip
width

1. 3 cm

1.5 cm

1.55cm

Length of the axial slots (for all antennas) = 6.1 cm ( = X,,/2).

Hz, with the on-axis value of the latter component de-
creasing with the increasing antenna radius. Also, Ez,
which is a component that is relatively simple to excite,
is seen to be very weak for this mode of the SLA. All the
field components attain their peak values close to the in-
ner surface of the antenna, showing thereby that the mode
is indeed guided by the SLA. The computations also show
that for a proper wave-slowing action, the number of axial
slots has to be large ( > 12). This precaution has been
observed in the present study (see Table I).

The antennas were excited in two different ways. The
first method, which constitutes a direct excitation of the
antenna (see Fig. 3(a)), consists of connecting an end strip
of the antenna directly to the central conductor of the high-
power coaxial line which enters the plasma chamber.
Since the current distribution on the antenna surface for
this type of excitation is unknown, it is not possible to
predict a priori whether such a feed excites the SWM of
the antenna. It may also be noted that are no return paths
for the currents for this excitation, since the other end of
the antenna is left unconnected. Standing waves of the
current will, therefore, be formed on the antenna surface,
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and in this sense this feed is quite similar to the conven-
tional monopole feed used for exciting waveguides from
coaxial lines.

In the second method, which is an indirect method, the
SLA is excited by an auxiliary antenna called the "feed."
The feed is located within the antenna and is excited by
connecting it directly to the high-power coaxial line. The
purpose of the feed is to excite preferentially a given com-
ponent of the microwave field, and when the excited com-
ponent corresponds to a dominant component of the SWM
of the SLA, the plasma-production process is expected to
be most efficient.

In the present experiments, only those field components
which are relatively easy to excite were considered. These
are the radial component of the electric field Er, the axial
component of the electric field £",, and the axial compo-
nent of the magnetic field Hz. Er was excited using a ra-
dially oriented dipole antenna (Fig. 3(b); dipole length:
6.1 cm( « X,,/2; X,,: free-space wavelength of the micro-
wave)). One arm of the dipole was connected to the inner
conductor of the coaxial feed line, while the other arm
was connected to its outer conductor. For exciting Hz, a
current loop in the transverse plane (x-y plane) is re-
quired. The construction and connection of such a current
loop is shown in Fig. 3(c). Ez was excited by an axially
oriented monopole connected to the inner conductor of the
input coaxial line (Fig. 3(d)). It may be noted that while
the axial monopole and current loop couple best to the
fields close to the axis, the dipole feed couples strongly
to the fields close to the inner surface of the antenna.

The mounting of the antenna and a typical feed con-
nection (to the high-power coaxial line) are shown in Fig.
4. Three different antenna sizes (see Table I) were chosen
for evaluating the efficacy of plasma production. The in-
dex of the efficiency of plasma production is the plasma
density and its radial uniformity.

B. Feed Optimization

In the following experiments the source magnetic field
was kept tuned close to the ECR value; since the dis-
charge is usually initiated within a few percent of ECR,
a slight tuning of the source magnetic field is required for
stabilizing the discharge.

Direct Feed: The radial variations of the plasma den-
sity using the direct feed are shown in Fig. 5 for different
power levels at a gas pressure of « 10~4 torr. It is seen
from the figure that as the power is increased from 150 to
450 W, the radial uniformity of the plasma density im-
proves, although the change in the peak plasma density is
negligible. With this type of excitation, only an under-
dense plasma can be obtained, which clearly indicates that
the direct feed is not a very efficient one for high-density
plasma production.

Axial Monopole Feed (Ez Excitation): No plasma could
be initiated with an axial feed for any of the antenna sizes
chosen, even at relatively high-power levels of = 500 W.
The theoretical analysis [22] of the SWM of the SLA

High power

Vacuum flange

Fig. 4. The connection of the dipole feed to the high-power coaxial line
and its orientation within the SLA.
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Fig. 5. Radial variation of the plasma density using the direct feed.

mentioned earlier also predicts that the Ez component of
this mode is negligible for all antenna sizes. The results
presented here confirm this prediction.

It may be noted that the SLA is a fairly complex struc-
ture and it is possible that the axial monopole feed does
excite some mode of the antenna which is not a slow wave
mode. Thus the above results also corroborate the fact
that the excitation of an initial slow wave mode in vacuum
is a prerequisite for plasma production.

Loop Feed (H, Excitation): An overdense plasma with
a fairly uniform radial density profile is obtained on the
smaller antenna (diameter =7 cm) using the loop feed
(Fig. 6). In the case of the larger antennas (diameters
« 10 and 13 cm), however, the plasma could not even be
initiated at ECR. Only an underdense plasma could be
obtained in the range Wce ~ 2wrf (radial plasma density
profile shown in Fig. 6) for the antenna of diameter = 10
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Fig. 6. Radial variation of the plasma density using the loop feed. In the
figure Wrl, refers to the electron-cyclotron frequency at the location of
the antenna.

cm. These results are in agreement with the theory [22],
where it was found that for the SWM the on-axis value of
H- is significant only for the small diameter SLA and that
it decreases with increasing antenna diameter.

Dipole Feed (Er Excitation): Fig. 7 shows the radial
variation of the plasma density using the dipole feed for
different antenna diameters ( ~ 7, 10, and 13 cm) at a
gas pressure of 10~4 torr and a microwave power of
* 350 W.

It is seen from the figure that the plasma is an overdense
one, with a fairly good radial uniformity. Thus the radial
dipole feed is capable of producing a high-density plasma
over a wide range of antenna diameters. These results are
also in good agreement with the theory [22], which pre-
dicts that the Er component is the dominant component
for all antenna sizes (for the SWM).

It was mentioned earlier that the Ee component is also
important for the SWM of the SLA [22]. However, this
component could not be excited because of the lack of a
suitable feed structure for exciting it.

It may also be noted that all Langmuir probe measure-
ments were carried out in the presence of high-power mi-
crowaves. To verify the effect of the microwaves on the
measurements, a stainless steel wire mesh (see Fig. 1;
mesh size(7) « 0.5 mm; XD « 1 « X,,; diameter =
15 cm) was placed in front of the SLA at a distance of
= 35 cm from the source end of the chamber. The entire
chamber beyond the mesh was therefore shielded from the
microwaves, although the plasma could flow-through
freely. Measurements conducted in the microwave-free
region showed no significant differences from those con-
ducted in the presence of the microwaves. This seems rea-
sonable, since the time scale of the probe measurements
is much larger ( = few seconds) than the microwave pe-
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Fig. 7. Radial variation of the plasma density using the dipole feed.

riod and all the recording equipment act as short circuits
at such high frequencies.

In summary, it is seen that the efficacy of plasma pro-
duction using different feeds depends directly on the rel-
ative importance of the particular field components (which
the feeds excite) for the slow wave mode of the SLA. It
is also clear from the above results that the optimal feed
for high-density plasma production, which can be used
over a wide range of antenna diameters, is the radial di-
pole feed.

C. Typical Plasma Parameters

From Fig. 7 it is seen that even with the dipole feed,
the best radial homogeneity is obtained with the SLA of
diameter = 10 cm. Thus for the purposes of the present
experiments this medium-sized antenna is the most suit-
able. Given in Table II is a list of the typical plasma pa-
rameters obtained using this antenna and the dipole feed.

The mean free path for charge exchange (A,,,) for singly
charged argon on argon at a pressure of = 10~4 torr for
7) « 0.27 eV is ~ 0.5 m [26, fig. 3.46]. No data is avail-
able immediately for 7} = 0.025 eV. However, extrapo-
lating from the behavior of the charge-transfer cross sec-
tion as a function of the ion velocity, one can estimate
that for the ions in the present system (i.e., 7, = 0.025
eV) Xex would only be a few centimeters. Moreover, it is
possible that ions slightly warmer than room temperature
(a few tenths of an eV) may also exist in the system; X(,v
for such ions would only be a few tens of centimeters.

From the available data [26, fig. 5.22] it is seen that
the impact-ionization cross section of argon by electrons
rises very steeply for electron energies between 15 to 20
eV; thereafter it rises slowly, reaching its peak value for
electron energies of « 80 eV. The point to be noted is
that the ionization cross section rises by a factor of = 60
as the electron energy is increased from 15 to 20 eV.
Moreover, it is also seen that the impact-ionization cross
section for low-energy electrons ( ~ 3-5 eV) is negligi-
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TABLE II
TYPICAL PLASMA PARAMETERS OBTAINED USING THE SLA AND THE DIPOLE

FEED

Operating Pressure -10"« Torr; Power -250 - 400 W

Magnetic field: We* -Wr f ( at the antenna region)

Plasma Density (no): 1-3 X 101 l cm-3

Noise Level (6n/n): (12 - 15)X

Electron Temperature (Te ) :

i) 3-5 eV (bulk electrons)

ii) 20-25 eV (1-2% of the bulk electron population)

Ion Temperature (Ti ) -0.025 eV (assumed cold; Ti << T.)

Percentage of Ionization -5-10%

Plasma Potential -20 Volts

Mean Free paths:

electron - neutral (\en; Te -5 eV) -3.3 m.
(elastic)

electron-neutral
(elastic)

n; Te -20 eV) -1.8 m

ble. It is therefore apparent that the bulk of the plasma
formation is due to the hot electron component observed
in the present experiments, for which Te = 20-25 eV. In
fact, it is the tail of this 20-eV component which is pri-
marily responsible for the generation of the secondary
(low energy; Te = 3-5 eV) electrons, since the peak in
the ionization cross section occurs for electron energies
= 80 eV.

III. PLASMA CHARACTERIZATION RESULTS

The plasma produced above using the radial dipole feed
and the SLA of diameter = 10 cm was characterized fur-
ther as a function of the microwave power and magnetic
field. These results are presented below.

A. Power Variation Studies

The variation of the plasma density and electron tem-
perature as a function of the microwave power is pre-
sented in Fig. 8 for a fixed gas pressure of ~ 10~4 torr.
It is found that the plasma density increases monotoni-
cally up to power levels of = 350 W, after which it sat-
urates off. The bulk electron temperature, after reaching
a value of = 4 eV initially, also remains essentially un-
changed. The high-temperature electron component (as
measured with the energy analyzer and also deduced from
the Langmuir probe data), however, shows a peak value
of « 30 eV at power levels close to 200 W.

Also plotted in Fig. 9 is the axial profile of the ion-
saturation current for different microwave powers. Com-
paring these profiles with the magnetic-field plot (also
shown in Fig. 9), it is seen that the plasma confinement
in the mirror region is poor at the higher power levels
( > 200 W). At lower power levels the profiles flatten out
and the plasma shows some confinement, although the

Fig. 8. Variation of the on-axis plasma density and the electron tempera-
ture as a function of the microwave power.
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Fig. 9. Axial profiles of the ion saturation current for different microwave
power.

peak is somewhat shifted from the center of the mirror
region.

In this context it may be noted that there will also be
an axial variation of the bulk electron temperature, since
the electrons acquire directed energy (a drift) as they slide
down the magnetic-field gradient from the throat to the
mid-plane. For the secondary electrons V\\ ~ V± (on the
average) at the mirror throats, and this is approximately
true for the random part of V\\ elsewhere as well. Thus
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using the invariance of the magnetic moment, we see that
the temperature at the throats will be approximately a fac-
tor R (R: mirror ratio) times greater than that at the mid-
plane. This implies that for equal plasma densities at the
throat and the mid-plane, the ion-saturation current at the
throat will be a factor Rl I1 ( ~ 1.9) times greater than that
at the mid-plane. Since this ratio as computed from the
observed ion-saturation currents (see Fig. 9) lies typically
between 2.9-3.25, we can conclude that there is a definite
loss of plasma confinement in the present situation.

To see the reason for this lack of plasma confinement
it is necessary to go back to the hot electron population,
which in this case is the source for the secondary (bulk)
electrons. The ECR condition, as can be seen from Fig.
9, is met near the antenna region, and the electrons gen-
erated in this region due to resonant absorption of micro-
waves will be born with E± » £"tl (EL , E\\ are the per-
pendicular and parallel energies of the electrons). In the
absence of collisions, therefore, it is expected that such
electrons will be trapped within the mirror and will as-
sume a "sloshing" profile. The turning point of such
electrons will lie symmetrically about the mid-plane at the
two mirror throats. This picture will be modified some-
what by the axial plasma potential profile. However, since
the plasma potential ~ 20 V, it is expected that these hot
electrons will be mirror-trapped rather than potential-
trapped. Collisions will also tend to alter this situation
somewhat, but the mean free path of the hot electrons is
long enough to allow the electrons to execute at least a
few bounces in the mirror.

Now the residence time of the hot-electron population
is longest near the turning points where Fx is large and
K|| is small. Thus it is to be expected that the plasma-
source term will peak near the hot-electron turning points
rather than be spread out uniformly over the length of the
mirror. This in turn implies that the major contribution to
the secondary electrons comes from the region of the hot-
electron turning points. Therefore it is sufficient to con-
sider the secondary electrons born near the turning points.
An average secondary electron will have Vn ~ V±, and
since it is born near the peak in the magnetic field it will
retain a finite Vn when it reaches the peak in the magnetic
field at the opposite mirror throat and hence be lost. It is
thus seen that in the present situation the secondary elec-
trons, on average, cannot be magnetically confined within
the mirror. It is possible for the above picture to be mod-
ified due to the axial plasma potential profile. However,
noting that the plasma is not confined in any case, one
might expect most of the 20-V potential to be dropped
across the sheath region at the end wall where the field
lines terminate.

It is thus seen that the basic features of the loss of
plasma confinement can be explained quite satisfactorily.
As a possible explanation for the behavior of the hot-elec-
tron component with power, one may note that the elec-
tron-neutral elastic-collision cross section in argon peaks
for electron energies « 10 eV, and thereafter decreases
monotonically with increasing electron energies [26, fig.

2.14]. This implies that the collisional scattering of the
hot electrons on neutral atoms will decrease if the hot-
electron temperature rises beyond « 10 eV. The observed
temperature range of the hot electrons in the present ex-
periments is between 10-30 eV for microwave powers in
the range 65-200 W. The decrease in collisional scatter-
ing therefore allows the sloshing profile for the hot elec-
trons to get better established. It is to be noted, however,
that it is precisely in this range of electron energies (10-
30 eV) that the electron-impact ionization cross section
for argon rises steeply, thereby preventing any further rise
in the hot-electron temperature due to enhanced ioniza-
tion.

B. Effect of the Magnetic Field (At the Antenna Region)

After a high-density plasma has been initiated at ECR,
it can be maintained even when the resonance conditions
are not satisfied. Such a behavior has been observed for
the slotted helix as well [1], [4]. Fig. 10(a) shows the
variation of the central plasma density as the magnetic
field in the antenna region is varied over a wide range
( 1 / 2 < Wce/wrf < 2; see Fig. 2 for the magnetic-field
profiles). It is seen that an overdense plasma can be main-
tained throughout.

Near wrf ~ 2Wce, the plasma density attains a fairly
large peak which is due to the second harmonic reso-
nance. For high magnetic fields and large densities (Wce,
Wpe > wrf; Wpe/2ir: plasma frequency) it can be shown
that an electromagnetic wave propagating at an angle 6
with respect to the magnetic field can also exhibit a res-
onance. The condition for such a resonance is given by
[1]

w2 = 0

where Wuh is the upper hybrid frequency.
It can be shown that at resonance the wave becomes an

electrostatic wave for d ± 0 [27]. Since the phase velocity
of the waves is slowed down considerably near resonance
(Vph/c « 1), it is possible for the plasma electrons to
interact with the wave when the condition Fy • cos 6 -
Vph is obeyed (Vf. axial velocity of the electrons). This
allows the electrons to gain energy from the microwave
and hence maintain the plasma for Wce, Wpe, > wrf.

Also given in Fig. 10(b) is a typical radial profile of the
plasma density at wrf ~ 2Wce. It is seen that the density
falls off almost linearly from the axis itself. This profile
is typical of plasmas maintained at magnetic fields away
from the ECR condition.

IV. CONCLUSIONS

In conclusion, we have in this paper established that the.
optimal feed for high-density plasma production using the
SLA and which can be used over a wide range of antenna
diameters is the radial dipole feed (Er excitation). It was
seen that the performances of the other feeds also conform
well with the predictions of the theory for the slow wave
mode of such structures. The plasma characterization re-
sults as a function of the microwave power and the mag-
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Fig. 10. (a) The variation of the central plasma density as a function of

the magnetic field in the antenna region, (b) A typical radial profile of
the plasma density at Wcr/wrl ~ 1/2.

netic field at the source region have been presented and
discussed. A notable feature which has been established
is the capability of the SLA for operating at magnetic
fields well away from the ECR.
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